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Lipid bilayers are amphipathic struc-
tures consisting of a central hydro-
carbon core and two flanking polar
interfacial regions, which are dynamic
and may contain>1000 different types
of lipid. Heterogeneous catalysis can
occur on the water-lipid interface of
membrane bilayers where lipid meta-
bolism is necessary to regulate pro-
cesses such as signal transduction,
cell growth and division, and mem-
brane trafficking. Phospholipases are
a class of interfacial enzymes that
catalyze hydrolysis of ester bonds in
phospholipids where their activity
depends upon the membrane structure
and interfacial properties (1–4). Phos-
pholipases play key roles in lipid meta-
bolism, cell signaling, and meiosis
(5,6), among other processes. Enzy-
matic reactions at the water-lipid
interface are unlike those enzymatic
reactions that occur in solutions where
kinetic behavior at the lipid-water
interface cannot usually be described
with simple Michaelis-Menten kinetic
analysis.
To describe catalytic reactions by
interfacial enzymes, a number of
kinetic models have been developed
over the last few decades to best inter-
pret how interfacial enzymes regulate
these reactions. Verger et al. (7) set
an early precedent by proposing the
first kinetic model, which combined
the Michaelis-Menten model with the
interfacial activation of enzymes.http://dx.doi.org/10.1016/j.bpj.2013.03.044
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kinetic analysis and models of inter-
facial catalysis on lipid vesicles,
micelles, and lipid monolayers. This
includes the ‘‘surface dilution kinetics’’
on micelles (8) and the ‘‘scooting and
hopping models of enzyme action’’
(9). These models have been limited,
however, as they assume enzymatic
products are soluble in an aqueous
environment and also do not account
for product accumulation of lipids
with long acyl chains that remain in
the membrane bilayer. For instance,
phospholipase D (PLD), an impor-
tant enzyme in signaling and cell
migration (10), catalyzes the produc-
tion of the glycerophospholipid phos-
phatidic acid (PA), which has long
acyl chains and remains in the mem-
brane bilayer. To date, micelles have
been used in most studies of interfacial
catalysis and have applied the surface
dilution model to interpret the kinetics
of PLD, which has limited the interpre-
tation of PLD catalysis on membrane
bilayers.
In this issue of Biophysical Journal,
a new model for the interfacial kinetics
of PLD has been proposed by Majd
et al. (11), which accounts for the accu-
mulation of products, namely PA in
PLD activity. To the best of my knowl-
edge, this work presents the first quan-
titative kinetic analysis of PLD at the
membrane interface. Previous work
by Majd et al. (12) had shown that
planar lipid bilayers with chemical
and electrical access to both sides
of the lipid membrane could be used
to monitor catalytic reactions at
the lipid-water interface. Importantly,
Majd et al. provide a model that
accounts for the interaction between
PLD and its reaction product PA.
This method, which was previously
used to demonstrate PLD and phos-
pholipase C activities, is based on
lipase-induced changes in the elec-
trical charge of lipid bilayers and on
the associated change in ion con-
centration near the lipid interface
through pores of the ion channel-
forming peptide gramicidin A.The work of Majd et al. (11) extends
the basic kinetic model for interfacial
catalysis where their analysis now
accounts for product activation and
substrate depletion. This new model
better describes kinetic behavior as
the specificity constant, which is a
measure of catalytic efficiency of the
enzyme. The interfacial quality con-
stant is also defined, which accounts
for the physicochemical properties of
the interface including the charge
density, orientation and conformation
of molecules, water structure, and
role of viscosity on enzyme process-
ing. Both the specificity constant and
the interfacial quality constant agree
with values previously reported for
phospholipase A on monolayers (13).
For investigation of PLD interfacial
kinetics, the authors began with the
general scheme proposed by Verger
et al. (7) where there is reversible
desorption of the soluble enzyme (E)
to an interfacial form (E*). This
model then exhibits a two-dimensional
Michaelis-Menten reaction where the
phospholipase locates its substrate
(S*) and forms the Michaelis complex
(E*S*), which is followed by catalysis
to products that are either released (P)
or may remain in the membrane (P*).
This model has some shortcomings
when it comes to an enzyme like
PLD, as the model assumes the pro-
duct quickly diffuses away and does
not affect succeeding reactions. The
authors find that as PA accumulates,
PLD activity is increased—which
likely affects the equilibrium of the
soluble (E) and interfacial enzyme
(E*). To account for this change in
the reaction, PLD adsorption-desorp-
tion was modeled as a bimolecular
association process. Furthermore, the
authors account for substrate depletion
and dilution in the bilayer as PA accu-
mulates. For a full derivation of the
appropriate equations to fit these
parameters, I refer you to the article
by Majd et al. (11).
2 StahelinTo quantify PLD activity using the
aforementioned assay system, PLD
was added to both sides of the bilayer,
which led to a time-dependent increase
in channel conductance. Majd et al.
then made a calibration curve of the
conductance as a function of PA con-
centration in the bilayers. They found
that PLD activity on the phosphatidyl-
choline bilayer begins with a lag phase
but, as PA accrues in the membranes,
the activity of PLD accelerates. This
is likely attributed to PA domains that
form as PLD acts on PC, which
increase the binding of PLD to the
membrane and the rate of activity
(12). As PA further accumulates in
the bilayer, this leads to substrate
depletion and lowers the rate of PLD
hydrolysis. The kinetic model derived
in this article accurately describes the
kinetic behavior of PLD as it accounts
for the effects of PA accumulation and
substrate depletion.
This methodology and new inter-
pretation of kinetics is applicable
to other phospholipases and perhaps
interfacial enzymes such as lipid
kinases and phosphatases. As with
most techniques, there are some poten-
tial limitations as well. For instance,
the authors’ setup is planar in nature,
and is likely a great model for enzyme
binding and activity. Recently, how-
ever, membrane curvature has been
shown to also play a role in some
enzymes’ activities. Moreover, product
appearance of PA by PLD catalysisBiophysical Journal 105(1) 1–2could alter membrane shape as PA
has a small headgroup and two acyl
chains, which can result in nega-
tive curvature changes in membranes.
Additionally, some phospholipases
may themselves induce membrane cur-
vature changes through interfacial
catalysis or membrane binding. That
being said, this new platform still ex-
ceeds prior methods such as micelles
and monolayers for accurately moni-
toring the kinetics of interfacial catal-
ysis of PLD and potentially other
phospholipases. Taking into account
product formation and its interaction
with the enzyme at the interface should
greatly shape our understanding of
interfacial kinetics for a multitude of
enzymes involved in regulation of lipid
signaling, membrane trafficking, and
bilayer structure.
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